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become realized. Epidemiological studies show strong linkages between sleep loss and comorbid conditions and mortality (56, 73, 80 ; reviewed in Refs. 1 and 44) but do not establish causal relationships between regulatory processes and outcomes. If the requirement for sleep behaves like other basic biological requirements, then its chronic restriction should produce adaptive responses that would be believed to possess survival benefits but which also may produce detrimental components and medical implications.
The purpose of the present investigation in rats was to induce repeated restriction of sleep amount and processes over a long span of time to allow physiological adaptations to take place and thereby permit study. Rodents are champion sleepers, and the physiological correlates of sleep stages and wakefulness are comparable between rodents and humans (reviewed in Ref. 83) . Already well established is the fact that acutely sustained total sleep deprivation in laboratory rats results in a progressive negative energy balance (2, 20, 28) , suppression of major anabolic hormones (21, 24) , and immune-related abnormalities (18, 19, 26, 27 ) that turn lethal after an average of 16 to 21 days (20, 53, 55, 62) . However, rats that obtain nearly half-normal sleep amounts during the same time period do not develop severe pathology and do not die (20, 53, 55, 62) . They typically do, however, show abnormalities in metabolic, hormonal, and immune-related parameters that are less severe than those observed under total sleep deprivation conditions (2, 18, 20, 21, 24, 28) . Whether these changes are clinically important and whether an individual can adapt to sub-par sleep amounts are issues that bear on the relevance of sleep to physical health and its role in development and recuperation from disease.
The experimental paradigm in the present experiments was composed of long-term repetition of reduced and disrupted sleep followed by opportunities for unrestricted sleep. Each sleep-restriction period lasted 10 days, which is known to be tolerated in rats under acute sleep-loss conditions (2, 18, 20, 21, 24, 28, 53, 55) . Each intervening period of sleep ad libitum lasted 2 days, which previously has been shown to normalize energy expenditure and antioxidant parameters in totally sleepdeprived rats (22, 23) . The 10-day sleep-restriction and 2-day sleep-recuperation periods were repeated consecutively six times during 10 wk, which is a duration of 72 days determined a priori. This duration is 10 to 13% of the expected lifespan of the subjects (34a). The ambulatory requirements imposed on the sleep-restricted rats to produce arousals were also imposed on a group of ambulation controls, consolidated into sessions to provide greater opportunities for uninterrupted sleep. Because colony rodent diets are optimized for good health, the experimental rats in this study were provided with an atherogenic diet containing 12% fat (normal is 5%) and 0.26% sodium cholate to help increase the likelihood that subclinical changes might be identified if clinical changes proved elusive.
The present results show that sleep restriction produced marked metabolic dysfunction after an initial period of relative clinical quiescence marked only by thirst during the recovery periods. The metabolic dysfunction that evolved was manifested by progressive hyperphagia, polydipsea, and body weight loss. The trajectory of food intake appeared only momentarily arrested by sleep recovery. Two subjects died during the final sleeprestriction cycle despite early tolerance and apparent adaptive increases in food and water consumption. Abnormalities in white adipose tissue and pathology of the skin developed in association with the metabolic abnormalities in all sleep-restricted subjects. These findings demonstrate both that adaptations occur in response to inadequate sleep and that chronically insufficient sleep produces detrimental effects to which some individuals are profoundly susceptible.
METHODS

Animals and Environmental Conditions
All procedures were carried out in accordance with protocols for animal care and use approved by IACUCs at The Medical College of Wisconsin and the Zablocki Veterans Administration Medical Center. Subjects were 20 male Sprague-Dawley rats obtained from Harlan Laboratories (Madison, WI) that weighed 452 (32 SD) g and were 28 (1 SD) wk old at the time of study. Environmental conditions included constant light to diminish the amplitude of the circadian rhythm, thereby decreasing the effects of sleep deprivation on both the amplitude and phase of the circadian rhythm (50, 78) , which otherwise would be unequal among groups. Thermostatic control of heat lamps maintained temperatures in the apparatuses at 26.9 (1.1 SD)°C to offset evaporative cooling in the apparatuses and to maintain the thermoneutral zone for rats (72) . Rats were fed ad libitum a purified (modified AIN-76A) diet (Zeigler Brothers, Garners, PA). The diet was composed of 20% protein, 45% carbohydrate, 13% fat, 10% fiber, 3.5% minerals, and 1% vitamins by weight, with 0.26% sodium cholate added to increase atherogenic properties. The caloric density was the same as normal laboratory chow at 3.7 kcal/g. Food pellets were stacked vertically in tube feeders designed to minimize waste with an opening to expose one pellet at a time for biting and a catch receptacle for crumbs.
Rats were surgically implanted with macro electrodes for recording electroencephalographic and electromyographic activity to distinguish wakefulness and individual sleep stages. Anesthesia and analgesia were induced by ketamine ⅐ HCl (100 mg/kg ip), xylazine ⅐ HCl (11 mg/kg im), and atropine sulfate (0.05 mg/kg im) after brief inhalant anesthesia with isofluorane. Supplementary doses of ketamine ⅐ HCl (21 mg/kg ip) were administered as needed to maintain the surgical plane of anesthesia. Electrodes were placed to obtain signals corresponding to cortical electroencephalogram, cortical theta (important in distinguishing paradoxical sleep; aka, rapid eye movement or REM sleep), and temporalis muscle electromyogram (EMG) activity, as previously described (3) . The electrode implants were insulated and bound to the skull with anchors and dental acrylics. The head plug assembly on each rat was fastened to a long recording cable and counterbalanced boom assembly that permitted freedom of movement vertically and horizontally within large enclosures (described below). During surgery recovery, rats were housed on solid floors within the enclosures. At least 7 days were allotted for recovery from surgery and acclimation to the apparatuses.
The experimental apparatus was designed and refined by Bergmann, Rechtschaffen and colleagues (3, 62) . Under baseline conditions, each of two rats is housed on half of a large, round platform (45 cm diameter) divided into two sides by Plexiglas within a large open-air enclosure. Beneath and extending outward from the platform on each side is a shallow pan of water (2-3 cm deep) that serves as a deterrent to leaving the platform. Each rat can move freely and perform normal behaviors of eating, grooming, and exploring and also can lie fully on the platform to sleep. Each rat also is free to step down into, sit in, and walk around in the pans; however, they almost always remain on the platform after initial exploration. During a 7-day baseline period the housing platform is rotated once per hour (3.3 rpm) for 6 s to clear it of debris and to let the rats become accustomed to the movement of the platform on which they stand. The usual response to each 6-s rotation is to walk against the rotation to remain comfortably at the widest part of the platform. The rats can also ride for a few seconds, but then are required to move away from the sides as the platform rotates beneath the dividing wall. Contact with the water most often occurs when a rat places forepaws in the water to support its torso while keeping hind paws on the disk. There are no specific prohibitions of the rats sitting in the pan water to sleep, but, historically, this rarely has been encountered.
During the experimental phase, each pair of rats housed in an apparatus served as either two sleep-restricted or two ambulationcontrol rats. To produce chronic sleep restriction, the disk was rotated for 6 s according to a pattern of disk rotations that had reliably produced reduced and highly fragmented sleep under acute conditions (23, 26) . In these prior studies, the housing platform had been rotated for 6 s each time sleep onset was detected in a rat to be totally deprived of sleep, which reduced and fragmented the sleep of a paired rat housed on the same platform. The reduced and fragmented sleep of the latter paired rat was replicated by means of electronic capture of the disk rotation patterns of each of several prior experiments to create a master disk rotation program. In this way, the disk rotation patterns replicated the acute conditions and could be repeated to create chronic conditions. During each 10-day sleep-restriction period, the disk rotations each lasted 6 s and comprised 26% of time. The minimum interval between rotations was 1 to 5 s, and the maximum interval occasionally exceeded 10 min. The modal interval between rotations was 5 to 10 s, and the average duration was 20 s. Each 10-day sleep-restriction period was followed by 2 days during which sleep was nearly ad libitum, and the platform was rotated for 6 s once per hour, as during baseline conditions. The sleep restriction-sleep recovery cycle was repeated six times during 72 days, determined a priori and illustrated by the schematic in Fig. 1 .
Procedure for Producing Ambulation Controls
An ambulation-control group consisted of pairs of rats in identical apparatuses and treated in an identical manner to those of the sleeprestricted group, but the disk rotations totaling 26% of time were consolidated to increase opportunities for uninterrupted sleep. The schedule of disk rotations was composed of 90-min cycles of 150 s of continuous disk rotation, followed by 30 s during which the disk was stationary. After each 90-min ambulation cycle, the disk then was stationary for 198 min. This 288-min schedule was repeated five times per day. Every 10-day period of ambulatory requirements was followed by 2 days during which sleep was permitted nearly ad libitum, except for hourly 6-s rotations of the platform, identical to the schedule of sleep restriction. Ambulation-control rats also were studied over a 10-wk period.
Assessment of Sleep Stages and Wakefulness
Electroencephalographic signals were recorded to validate the amount of sleep obtained in sleep-restricted rats compared with ambulation-control rats, and to investigate changes to sleep stages during sleep-recovery periods. Cortical EEG, cortical theta, and EMG signals (collectively the EEG) of a subset of rats from each group were recorded either continuously or on a rotating basis of 48 h to enable periodic recordings of the electroencephalophic signals of each subject with shared instrumentation. Signals were filtered and displayed online as analog signals (Grass Telefactor, Gamma PSG Software, West Warwick, RI) and as digital measurements of the signal amplitudes. Digital recordings were rectified, and the scaled sums in 30-s epochs were stored for analysis. Wakefulness and sleep stages were scored by means of a computer-assisted scoring routine developed and validated by Bergmann et al. (4) and subsequently refined by him. Scoring of each 30-s epoch was based on whether a sleep stage or wakefulness occupied most of the epoch. That is, an epoch could be scored as sleep even if it contained arousals. Scores were compared with analog recordings for verification. Data were excluded during cycle 6, by which time deterioration of the electrodes, especially the EMGs, precluded valid measurements in several subjects. For sleeprestricted rats, the data for six rats that had the best recordings throughout were scored. For ambulation-control rats, the data for a cohort of six rats that had the best recordings per cycle were scored, because high-quality recordings throughout were not necessarily attained for each subject. Two 24-h recordings were analyzed per subject for baseline and each 10-day sleep-restriction or ambulation cycle. One or both 24-h periods of each recovery cycle were captured for each subject analyzed for sleep during that cycle, and these data represent the recovery period aside from whether the first, second, or both days were recorded. A technical error resulted in delivery of an ambulation requirement of 33%, rather than 26%, of total time to three of six rats during cycle 2, and these data were included in the scoring for that cycle. Data were first averaged within subjects for baseline and each phase of each cycle, and then averaged across subjects within a group.
Tissues Harvested
After the planned duration of study, each rat was gently and deeply anesthetized by isoflurane inhalation, followed by ketamine ⅐ HCl (50 mg/kg ip), xylazine ⅐ HCl (8 mg/kg im), and atropine sulfate (0.03 mg/kg im). Supplemental doses of ketamine ⅐ HCl were administered, if needed, to obtain deep anesthesia. Rats were exsanguinated by cardiac puncture. Most major tissues were dissected, parceled, and preserved for current and potential studies in up to three ways including fast frozen in liquid nitrogen, frozen embedded, or formalin fixed. Sites for adipocyte collection included the omentum, perirenal, retroperitoneal, and epididymal depots, and surrounds of the mesenteric and popliteal lymph nodes. Adipose tissue was fixed in 4% paraformaldehyde. The small intestine was dissected at the pylorus and at the junction with the cecum, and washed three times through with saline to remove contents. External membranes among sections of the intestine were cut to lay the intestine straight for measurement with a ruler.
Adipocyte Morphometrics
Fixed adipose tissue was blocked in paraffin, sectioned in 4-m thickness, and stained with hematoxylin and eosin. Slides were coded to keep the examiner blind to the experimental conditions of each subject during morphometric analysis by brightfield microscopy (Olympus BX51 microscope and DP71 camera, ImagePro Plus image analysis software; Media Cybernetics, Bethesda, MD). Unilocular adipocytes were measured and counted at ϫ400 magnification in a representative region approximating 0.5 mm 2 and composed of an average of 275 unilocular adipocytes (range: 64 to 635 adipocytes). The frequencies of the different sizes of unilocular adipocytes were tallied in increments of 200 m 2 . Multilocular regions were defined as clusters of notably smaller yet relatively uniformly-sized lipid droplets encased within a single membrane, as shown in Fig. 2 , compared with unilocular adipocytes. The incidence of multilocular cells was calculated as the proportion of microscopy fields per rat that contained multilocular cells. The area occupied by multilocular cells was calculated as a proportion of the total area measured per field. Two specimens (one perirenal and one popliteal lymph node site) in sleep-restricted rats were excluded from analysis due to insufficiency of the specimen for reliable measurements.
Post Hoc Assessment of Waste Products
The rate of food removed from feeders by sleep-restricted rats was so great as to raise concerns that an increased proportion of food considered as intake was instead unmetabolized as feeder waste or in fecal matter. To address this issue, waste was collected from agematched rats treated in an identical manner through cycle 6. Fortyeight-hour accumulations of waste products were collected midway through each of the fifth and sixth cycles, corresponding to the time of the highest average food consumption in the present results, provided below. The water and waste products were separated first by course straining to collect feces and then through filter paper to collect food particles. An aliquot of feces and all of the filter papers containing food slurry were dried in a food dryer, and the dry weights were Fig. 1 . Schematic representation of the experimental periods. After 7 days of recovery from surgery and 7 days of baseline monitoring, rats were either restricted of sleep or served as ambulation controls. Each tick mark represents 1 day. During 10-day sleep-restriction periods, subject sleep was fragmented and reduced in amount. During 10-day ambulation periods, subjects were administered an ambulatory requirement equivalent in total time to that of the sleep-restricted group but consolidated to increase undisturbed sleep opportunities. Each 10-day period of sleep restriction or ambulation was followed by 2 days of recovery in each group (■), during which sleep was permitted near ad libitum. obtained. Bomb calorimetry of feeder and fecal waste products was performed by a commercial lab (Covance, Madison, WI).
Data Analyses
A mixed-effects change point model was used to analyze each parameter of food and water intake, and changes in body weight to account for such factors as alternating cycles of treatment and recovery and repeated measurements in the same subjects and to allow separation of common trends and animal-specific variability. The individual raw data on food and water intake first were expressed relative to the individual baseline means and were log transformed. This provided symmetric distribution of values around the no-change value. Then, three time-trend structures were considered: linear, one change point, and two change points. Selection was guided by the Bayesian Information Criterion, which is a statistical criterion for model selection in time series and linear regression that balances model complexity and goodness of fit. The final selections were two change-point models for the slopes in water and food intake, and a one-change-point model for the slope in body weight. Confidence intervals of the model parameters were set at 95%. Formulas and details for these mixed-effects models may be found in the APPENDIX. The average proportion of time spent in total sleep, paradoxical sleep, and non-REM (NREM) sleep were analyzed separately, also by mixed-effect models. Taken into account were multiple measurements in each animal even when not all animals were measured during every cycle, as well as random animal effects. The model was fitted for each outcome with group-specific effects for treatment (i.e., sleep restriction or ambulation) and for sleep-recovery periods, as well as linear trends in time.
Data collected at discrete time points, such as the weight of an organ, energy in waste products, or average size of adipocytes were compared by means of Student's t-tests. The experiment-wise error rate was set at P Ͻ 0.05 for all planned and post hoc comparisons. Measurements of adipose tissue were compared by means of a onetailed t-test, based on the hypothesis that adipose tissue in sleeprestricted rats would show more characteristics of degeneration than would that of ambulation controls. Values are means (SD) for individual values composing a group. Values are means Ϯ SE, if data were first averaged within subjects and then averaged for the group (e.g., adipocyte size).
RESULTS
Mortality
Despite tolerance to sleep loss under acute conditions, the physiological effects of chronically inadequate sleep mounted and eventuated in the death of two subjects during cycle 6 on days 7 and 9. On the backdrop of changes to appearance and metabolism described below, two sleep-restricted rats separately passed into a severe state marked by a distinctly feeble appearance, stiff movements, and difficulty negotiating rotations of the platform, whereupon the rats were removed from the experimental conditions. Just 48 h beforehand, basal food intake for each animal was 235% and 124%, and respective water intakes were 249% and 364%. Twenty-four hours beforehand, the food intake values were 48% and 52% of baseline, and respective water intakes were 115% and 146% of baseline, testifying to late appetite and agility, as well as to the rapidity of demise. After removal of the experimental conditions, EEG-defined sleep was not observed in either rat, and death ensued within 6 h. These two animals were not studied postmortem.
Sleep Amounts
Sleep in sleep-restricted rats was characterized by fragmented and reduced sleep during sleep-restriction phases and by a rebound in paradoxical sleep (i.e., REM sleep) and near-baseline NREM sleep amounts during the sleep recovery phases, as shown in Table 1 . The baseline percentages of wakefulness were lower than those previously observed under similar experimental conditions (19, 25, 28) , suggesting a dietary-induced effect. Sleep amounts under chronic conditions remained within a range comparable to that of acute sleep restriction (19, 25, 28) . Most sleep opportunities in sleeprestricted rats were Ͻ 1 min long. Besides heavy fragmentation of sleep, the amount of NREM sleep assessed by 30-s epochs in sleep-restricted rats was significantly reduced from baseline. Values are daily means (SD) as %total time; n ϭ 6/group. TL, total; NREM, nonrapid eye movement; PS, paradoxical sleep or REM sleep. Significant within-group differences of *P Ͻ 0.001 apply to comparisons between baseline and cycles 1-5, where cycles 1-5 of sleep restriction, ambulation control, or recovery are shaded. Significance of †P Ͻ 0.006 and ‡P Ͻ 0.001 are between-group differences during sleep restriction or ambulation-control treatments.
The average amount of disrupted paradoxical sleep was stable across time at 2.4% to 3.4% of total time in sleep-restricted rats, reduced by 4.5 percentage points from the average baseline amount. The experimental routine for ambulation-control rats allowed opportunities for undisturbed, consolidated sleep lasting 3.3 h, five times per day. Although more paradoxical sleep occurred during recovery days than on ambulation days, paradoxical sleep amounts were not significantly different from the baseline value for ambulation controls, as shown in Table  1 . On average, NREM sleep during the recovery periods in ambulation-control rats was similar to the baseline levels; however, there was an increasing trend of 1.8 percentage points per cycle (P ϭ 0.003), and by recovery cycle 5 the NREM sleep amount occupied 61.6% of time.
Food and Water Intake and Change in Body Weight
Food intake, water intake, and body weight losses were striking in rats chronically sleep deprived (shown in Fig. 3 ). Daily peak food consumption for individual sleep-restricted rats, calculated from sequential 48-h averages, ranged from 215% to 456% of individual amounts consumed during baseline. Peaks for two sleep-restricted rats of 259% and 386% of baseline were on the last sleep-restriction day of the sixth cycle, corresponding to notations that these two animals had a relatively robust appearance compared with others in the cohort. Peak 48-h food intake for each rat that died occurred during cycle 4, compared with cycle 5 or 6 for the survivors. The overall differences between sleep-restricted and ambulation-control rats in the slopes of food intake across time were dramatic. Food intake began to increase markedly during the third cycle of sleep restriction (detected change point 1 ϭ cycle 3, day 5 Ϯ 4 days) until during cycle 5 (detected change point 2 ϭ cycle 5, day 2 Ϯ 3.6 days), when food intake reached a plateau. The rise from change point 1 to change point 2, therefore, began after a long, 29-day quiescent period during which sleep was twice restricted and twice unrestricted. Between the two change points, the progression continued for 21 days before sustained high levels of food intake reached a plateau in association with advanced morbidity in some rats. Food intake increases during sleep restriction were halted by recovery sleep, discerned by a negative slope from the first to the second change point in sleep-restricted rats and levels that Fig. 3 . The effect of chronically inadequate sleep on water and food intake and body weight. Percent change from baseline daily values for water intake (top), food intake (middle), and body weight (bottom), across 6 cycles of sleep restriction and sleep recovery in sleep-restricted rats (■) and across 6 cycles of ambulation requirements and sleep recovery in ambulation-control rats (E). Recovery periods are indicated by the white vertical bars. Values are means (SE). n ϭ 10 per group.
were not statistically significantly different from those of ambulation-control rats. The normalized food intake during the sleep recovery period did not reestablish food intake at a basal level. Instead, food intake was stepped up after each unrestricted sleep period after the second cycle, and a trajectory was resumed. Ambulation-control rats did not show a significant difference between ambulation periods and recovery periods; the data were without a significant slope.
Water intake showed a very similar pattern to food intake in sleep-restricted rats, but only on sleep-restriction days (see Fig.  3 ). Peak water consumption based on consecutive 48-h averages ranged from 223% to 814% of individual baseline amounts and occurred during cycles 5 and 6. Peaks for three rats occurred during the final 48-h recovery period of the study. Water intake began to increase markedly and progressively during cycle 3 of sleep restriction within 24 h of the detected change point for food intake (change point 1 on cycle 3, day 4 Ϯ 2 days), even though these estimates were computed independently. Increases in water intake continued for the next 23 days until reaching a plateau (change point 2, cycle 5, day 4 Ϯ 2 days, slope: P ϭ 0.03), 2 days later than that for food intake. At the plateau, water intake was more than two times greater than the amount of water intake prior to the first days of cycle 3. This high level of consumption was maintained throughout the rest of the study. Cumulative food intake and cumulative water intake calculated over sleep-restriction days were highly correlated (r ϭ 0.83). Water intake during recovery periods averaged 1.6-fold higher under sleep restriction than ambulation conditions (P Ͻ 0.005). Post hoc analysis of water intake in sleep-restricted rats during the initial two recovery periods, i.e., before the change in food intake was detected, indicated sleep-restricted rats drank more water then than during baseline (t 9 ϭ 3.58 or better; P Ͻ 0.006 or better). Ambulation-control conditions did not result in a change in water intake across time or between ambulation and recovery periods.
Body weight was stable in sleep-restricted rats until cycle 3, day 6 ( Ϯ 0.8 days), after which the differences between groups became marked (P ϭ 0.0002). This change point in body weight occurred 24 to 48 h after the change points for water and food intake. By cycle 6, day 8, the change in body weight from baseline values had decreased overall by 23% compared with the same duration of study for ambulation controls. In contrast, ambulation controls gained weight, averaging a 1.1-fold increase over the six cycles.
Caloric Value of Waste Products
Despite large group differences in the amount of food removed from feeders, the proportion of calories lost as feeder waste was not significantly different between sleep-restricted and ambulation-control rats. The proportion of calories in feeder waste averaged Ͻ 2% of food removed from the feeder for both sleep-restricted and ambulation-control rats during cycle 5, and also for ambulation-control rats during cycle 6. Feeder waste averaged Ͻ 8% during cycle 6 in sleep-restricted rats, based on the following individual values: 2%, 1%, 29%, 11%, 2%, 9%, and 2%. The outlying feeder waste values during cycle 6 were signs of advanced morbidity, in that some of the food removed from the feeder was neglected and was swept away during rotations of the platform. In association with increased food consumption, sleep-restricted rats produced more grams of fecal waste [t 13 ϭ 3.17, P Ͻ 0.007] than did ambulation controls. However, the calories per gram of fecal waste were nearly identical between sleep-restricted and ambulation-control groups, and between cycle 5 and cycle 6 [kcal/g feces (SD): sleep-restricted ϭ 4.2 Ϯ 0.1 and 4.4 Ϯ 0.1; ambulationcontrol ϭ 4.3 Ϯ 0.1 and 4.3 Ϯ 0.1, respectively]. These data indicate that food intake values reflect metabolized food, rather than waste or malabsorption.
Connective Tissue Pathology
Skin pathology. Noteworthy changes in the appearance of sleep-restricted rats began during cycle 3. During cycles 3 to 6, the fur lost its normal sleekness and gained an oily cast along the sides, hips, and especially along the back, and generally lacked luster. During necropsy evaluation, the skin along the back and hips could be easily denuded by gently pulling on the fur. Skin dermatoses began on the hind paws typically as two small, raised, inflamed, and encrusted areas: one located on the main walking pad and the other situated further down the sole and laterally, beneath the calcaneus bone. By the end of cycle 6, these lesions typically had developed into brown plaques or ulcerations that had expanded (ϳ10 mm diameter), engulfed the interdigital pads on the palm and often an equally large region on the sole, and caused distortion of the normal structure of the foot. Lesions on the plantar surface of forepaws were less severe, but located similarly in two places: among the interdigital pads and just beyond the base of the palm near the wrist. Lesions on the apical pads of digits were uncommon. The tails typically had a few small papules scattered along mostly the dorsal and dorsolateral surfaces, considered mild compared with those observed on totally sleep-deprived rats (47) . The paws and tails of ambulatory control animals appeared normal.
Biopsies of the skin of the main pad of the hind paw from each of two sleep-restricted and two ambulation-control rats that had been fixed in 10% neutral buffered formalin were sectioned in 4-m thickness, stained with hematoxylin and eosin, and examined by a surgical pathologist (N. Markelova, Department of Pathology, The Medical College of Wisconsin). The morphology of the skin lesion from each sleep-restricted rat resembled decubitus ulceration, characterized by a central ulcer with necrotic material and underlying granulation tissue. The granulation tissue was composed of proliferative blood vessels lined by reactive endothelial cells, suggesting healing processes, as well as mixed acute and chronic inflammatory cell infiltrates. The acute inflammatory cells extended into the epithelial edges around the ulcer. The chronic inflammatory cell infiltrate extended into the collagenous stroma between the feeding thick-wall blood vessels and nervous bundles and to the skeletal muscles. Mild edema and occasional mast cells were present in the dermis. The epithelium near the ulcer showed regenerative hyperplasia and parakeratosis, while the uninvolved epithelium showed normal hyperkeratosis. No lipocytes were found in the subcutaneous tissue. The morphology of the skin of ambulation-control rats appeared normal.
Adipocyte morphology. The average size of unilocular adipocytes was decreased significantly by 27% to 45% in five of six depots in sleep-restricted rats compared with ambulation controls. Especially large group differences in the size of unilocular adipocytes were found in the epididymal and omental sites (t 16 ϭ Ϫ4.37, P ϭ 0.0002 and t 16 ϭ Ϫ3.83, P Ͻ 0.0007, respectively), followed by the retroperitoneal (t 16 ϭ Ϫ2.65, P Ͻ 0.009), popliteal (t 15 ϭ Ϫ2.82, P ϭ 0.0006), and mesenteric (t 16 ϭ Ϫ2.10, P ϭ 0.026) sites. Unilocular adipocytes in the perirenal site tended to be decreased by 28%. Changes to adipocyte size in the retroperitoneal depot are considered representative of the other adipose depots, as shown in Fig. 4 , illustrating the preponderance of small adipocytes and the decrease in very large unilocular cells in the sleep-restricted group, compared with the ambulation-control group. Perirenal adipose tissue showed a high incidence of multilocular cells in sleep-restricted rats compared with ambulation-control rats (t 15 ϭ 3.53, P ϭ 0.001). The omental and mesenteric adipose tissue also showed a higher incidence of multilocular cells in sleeprestricted compared with ambulation controls (t 16 ϭ 2.28, P Ͻ 0.02 and t 16 ϭ 2.00, P Ͻ 0.03). In microscopy fields where multilocular cells were found, they occupied from Ͻ 1% up to 95% of the field, typically in association with preponderance of small unilocular adipocytes.
Visceral changes. Despite a 17% lower absolute average body weight in sleep-restricted rats compared with that of ambulation-control rats, the average length of the small intestine was greater by 30% (t 16 ϭ 3.33, P ϭ 0.004) and reflected by increased weight when measured. The absolute weight of hearts and lungs tended to be heavier in the sleep-restricted group compared with those of ambulation controls (Table 2) , but group differences were not statistically significant. Spleens, livers, and kidneys did not differ in absolute weight between groups. Therefore, with the exception of the spleen, all of the major organs each accounted for a significantly greater proportion of body weight in sleep-restricted rats compared with ambulation-control rats (two-tailed t-tests, P Ͻ 0.02 or better). Besides greatly diminished adipose tissue depots, the normal fatty appearance of connective tissue membranes among the abdominal viscera was strikingly absent in sleep-restricted rats. For example, the mesenteric lymph nodes appeared packaged in nearly transparent membranes instead of sheathed in connective tissue that was creamy colored and fatty in appearance. Pallor of the liver was striking in both the sleep-restricted and the ambulatory-control groups. Therefore, sections of liver from two rats of each group were stained with Oil Red O for screening by brightfield microscopy, which revealed diet-induced fatty liver. Lipid droplets occupied 8% to 12% of the area surrounding the central veins and 20% to 21% of the portal areas, without apparent differences based on treatment group. The internal appearance of ambulatory control rats was considered healthy, except for fatty livers. The stomachs of sleep-restricted rats typically were packed with food. Visual inspection revealed thin walls in the fore stomach and no erosions in the corpus in sleep-restricted rats.
DISCUSSION
Adaptive responses to sleep restriction were dramatic and ultimately insufficient to maintain health and ensure survival. Despite the fact that sleep was only partially restricted during the sleep-restriction phases, the fragmentation and reduction in sleep eventually resulted in obvious pathology with a progressive course. This evidence indicates that deficits developed for which the allotments of recovery sleep were insufficient for recuperation. In truth, the eventual lethal nature of repeated sleep restriction was unexpected. The milder signs of acute sleep restriction were predicted to be ameliorated in large measure by adaptation so that it might appear as though the experimental conditions could be continued indefinitely. Signs began to become outwardly manifested during the third cycle of sleep restriction and sleep recovery, indicating that the first two cycles were not benign, but, rather, internal insufficiencies had accrued and reached some threshold. Ambulation-control rats remained healthy, with stable food and water intake and body weight and without signs of altered well-being.
The clinical course was marked by eventual dynamic increases in food and water intake and body weight loss. Calorimetry of waste products verified that nearly all food removed from feeders was metabolized. Lengthening of the intestine is consistent with increased surface area to absorb water and nutrients (6, 11, 57, 66, 77) . Increases in multilocular adipocytes, known to be rich with mitrochondria (33, 35) , further reflect high energy production. Pathology developed in the connective tissues, including atrophy of adipose tissue, loss of fattiness of membranes among abdominal organs, decubitouslike skin ulcers, and hair loss. In light of catabolism, these degenerative changes to connective tissues may be due to absorption of lipid content or other nutriment, which therefore is under study. Inanition is suspected, since chronic restrictions of other basic needs essential for survival result in the body's use of its own substrates to help meet the missing requirements (12, 29, 65) .
Thirst during the initial recovery periods was the first and only significant sign of an imbalance during the first stages of chronic sleep restriction. Increased intake of water without an increase in food intake is thought to be due to cellular or extracellular hypovolic stimuli, which may include intake of water in anticipation of future needs (30) . Considering an apparent absence of hemorrhage, the logical explanation for thirst in rats during a recuperation phase therefore is to rid the body of excess solutes that are produced by increased metabolism by yet unnamed sources. During phases of sleep restriction, the progressive nature of the increases in intake of water emerged along with those for food intake, indicating prandial drinking (30, 43) , a regulatory response that maintains osmotic balance as food is absorbed (reviewed in Ref. 85 ). The catabolic state implies that the internal work of maintaining physiological functions requires more energy when sleep is restricted than when sleep is replete. Energy output may be parceled into four components to include energy used for 1) carrying out essential metabolic functions of the body; 2) executing various physical activities; 3) digesting, absorbing, and processing food; and 4) maintenance of body temperature (reviewed in Ref. 34 ). In the case of muscle activity, the overall experimental requirements for locomotor behaviors imposed on ambulation-control rats closely resembled those imposed on sleep-restricted rats. While group differences most certainly existed in the muscle activity that goes into the field metabolic rate, such as muscle tone and the mechanics of food intake, these differences do not seem to constitute a degree of strenuousness that would result in substantial increases in metabolic rate due to external work. The maintenance of body temperature as a cause of catabolism has been investigated in acutely sustained total and paradoxical sleep deprivation in rats. Those results suggest a mild thermoregulatory shift early during sleep loss that does not appear to develop into a progressive inability to retain heat (61, 67, 82) . Declines in body temperature late in the survival period of sleep-deprived rats are associated with bloodstream infection precipitating a moribund state (19) for which impaired vasoconstriction is a known consequence (15) . Therefore, the changes in body composition and metabolic profile suggest more energy is required to sustain one or more functions at the tissue and cellular levels under conditions of chronically inadequate sleep.
At the tissue level, mass is related to its metabolism or functional workload (13, 42) , contributing 55-80% to the basal metabolic rate (reviewed in Refs. 31, 46, 60, and 81) . The weights of major organs were preserved in sleep-restricted rats and thereby accounted for an increased proportion of lean body mass. This is opposite to energy-restricted states produced by dietary limitations, wherein major organs, such as the liver and the intestine, almost always decrease in mass, sometimes before an appreciable decrease in adipose depots (32, 49 ; reviewed in Ref. 60 ). We and others have shown that brain metabolism is heterogeneously decreased during sleep loss in both laboratory rats (25) and humans (74, 75) , making it an unlikely source of increased contribution to an energy deficiency under chronic conditions. The heterogeneous decreases in brain metabolism are indirectly associated with suppression of pituitary hormones, including growth hormone, prolactin, and thyroidstimulating hormone, for which secretion depends on negative feedback control by the hypothalamus (21, 24) . This apparent pan suppression of hormones appears to include the hypothalamic-pituitary-adrenal axis. Corticosterone has not been found increased in sleep-deprived animals studied by the Rechtschaffen-Bergmann method to levels associated with either distress or starvation (reviewed in Ref. 21) , suggesting that metabolic outcomes in the present study are not likely due to excessive corticosterone. The remaining plausible explanation is the functional workload at the cellular level, presumably mitochondrial. About 20% of the expected energy utilization is attributed to the mitochondrial proton leak and ϳ80% is coupled to ATP synthesis for several major functions, such as protein synthesis, Na ϩ -K ϩ -ATPase activity, Ca 2ϩ ATPase activity, gluconeogenesis, ureagenesis, and substrate cycling, among others (reviewed in Ref. 63) . In all likelihood then, failed consolidation of sleep processes renders one or more cellular functions as inefficient or ineffectual. Sleep is composed of a constellation of behavioral and physiological elements that may be expected to enable or facilitate such cellular processes. Elements include a decreased field metabolic rate, a decreased thermoregulatory set point, and frequent periods of muscle atonia and poikilothermy during which respiration and vascular blood flow are dynamic. The notion that sleep enables certain processes to occur is consistent with long-standing speculations that enforced rest serves an important function underlying sleep (69, 84) . In the present study, these processes were repeatedly restricted and disrupted.
Much recent attention in the study of sleep has been focused on the central nervous system as the primary, if not sole, beneficiary of both sleep functions and consequences (36, 76) . The present results of peripheral adaptations and pathological outcomes demonstrate that such conclusions are left wanting and appear to overlook the potent peripheral regulatory factors that provide feedback to the brain. A brain-centered approach runs the risk of fostering the notion that physical signs of sleep loss have their etiology in a dysfunctional brain. Contrarily, increased food and water consumption by sleep-restricted rats is a rational central nervous system-mediated response to a negative energy balance. These data demonstrate that the regulation of appetitive behaviors by the central nervous system remains intact during chronic sleep restriction, which also is the case for restriction of food or water. Abnormalities in neuroendocrine systems indeed point to failed negative feedback at the level of the brain (21, 24) , but suppression of hormones may be considered adaptive, on balance, by decreasing mobilization of protein and limiting actions that may be lipolytic, anti-insulin, and inflammatory in the periphery.
Seemingly contradictory is the weight loss in sleep-restricted rats and reported weight gain in short-sleeping humans, based on recent reviews of clinical laboratory and epidemiological evidence (44, 54, 79) . Linkage between short sleep and obesity in humans has been challenged, in part on the basis that shortened sleep is quite different than disturbed sleep, for which physical and behavioral problems are associated (37) . It yet is unknown, too, for example, whether humans would lose weight under conditions of chronic sleep restriction, if they are not permitted to be sedentary or are permitted to drink only water rather than fluids containing calories. Where the scientific evidence is sufficient, normal humans and laboratory rats exhibit comparable signs of proinflammatory markers and hormonal changes. These comparisons include an early decline in circulating leptin, an adipokine that decreases under conditions of a negative energy balance before apparent changes in body mass (21, 70) , and an increase in oxygen consumption during sleep itself in humans, if sleep has been fragmented (8) . Weight loss and weight gain are two ends of a spectrum, and it should be borne in mind that dystrophies involve the similar, if not identical, intermediary factors in pathogenesis.
Perspectives and Significance
The outcomes of the present studies put emphasis on a vital role for sleep in physical health. The outcomes embody the same fundamental attributes as chronic restriction of other basic needs, which were debated and laid out a long time ago for food and water restriction (39, 51) . In the present study, metabolic dysfunction was glaring among the outcomes and should be a starting point and cornerstone of study, as it is for nutritional studies. Not only does disease ensue when one basic need is severely restricted, but requirements of other basic needs are altered. The present outcomes of a catabolic state, malnutrition, and dynamic food and water consumption substantiate this point for sleep in concordance with evidence from acute, selective sleep-deprivation studies (61) . Relationships between the amount of food consumed and sleep obtained repeatedly have been reported (e.g., 9, 14, 16, 17, 40, 41, 64, 68) but without coalescence or potential theoretical implications (10, 58) . In the present study of chronic sleep restriction, the latency to produce unambiguous clinical manifestations was long, a phenomenon that could be construed as rendering the outcomes as somehow artificial and not germane to real life (38) . Such a property of a long quiescent period occurs during food and water restriction, too. Nutritional stringency ("wear and tear") does not become apparent for a long time, due to body reserves and to the fact that repair does not and cannot stop. Indeed, the latency to clinical effects during restriction of a basic need belies the importance of both meeting the need and the insidiousness of internal changes. And finally, the outcomes of the individual sleep-restricted rats demonstrated that there is an upper limit of chronic restriction for which death is inevitable and a lower limit wherein perfect recovery is theoretically possible, which conforms with the laws of nature for other basic needs (39, 51) . Between these upper and lower limits is a variable degree of alteration in body phenotype for which only partial recovery may be possible. Insidious, yet potentially permanent, changes and susceptibilities may ensue. The exact manifestations would be expected to depend on individual vulnerabilities, the involvement of a secondary restriction or preexisting condition, and severity of the unmet need.
APPENDIX
Mixed Effects Change-Point Models
In the final two change-point models, the water intake (WI) was modeled as follows: In these formulas, treatment g takes into account that one or both groups may have an offset from zero after the baseline period and prior to a meaningful change due to treatments, and that the offset could be different for the two groups. Recovery g models the effect of the recovery period compared with the sleep-restricted/ambulation phase, and time g is the slope of the overall trend before the first change point. ␣, , and ␤ are normally distributed random effects that consider individual differences in responses to treatment or recovery. For example, lower effects may be generally found for one particular rat, and also these lower effects may apply to the restriction phases but not the recovery phases of the cycle or vice versa. [x] ϩ ϭ max (x,0) denotes the positive part of x. It is this change in slope from c1 to c2 that defines the change points of time-ordered data, and εi(g)t is the normally distributed error term with treatment group-specific variance.
Body weights (BW) in grams were expressed on a logarithmic scale and modeled by two time-trend structures. The final selection of a one change-point model was as follows: log 2[BWi(g)t] ϭ treatmentg ϩ ␣ i ϩ (timeg ϩ ␥i) ⅐ t ϩ (bg ϩ ␤i) (tϪc1) ϩ ϩ εi(g)t.
Similar to the food and water intake data, ␣i, ␥i, and ␤i are independent, normally distributed random effects, and c1 is the change point. All models were fitted using the n/me package in R2.7.1. (59).
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